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Abstract. The earliest methematical idealisation of foundation medium is due to Winkler, 
who assumed a linear load versus settlement relation. Extending this for soils, Tersaghi 
introduced the concept of modulus of subgrade reaction. As observed from the plate load test 
results, the load versus settlement relationship of the soil is nonlinear and hence cannot 
be idealised truly,by the Winkler model. For soft soils, the settlements are large even at 
working loads and the nonlinearity in the soil response has to be considered to correspond to 
a more realistic behaviour of the foundations resting on such soils. The present study is 
mainly concentrated on cubic type of nonlinear response which incorporates the third order 
term in addition to the linear term. A procedure for finding out the nonlinear soil moduli 
is suggested and the effect of size of plate and soil para- from the plate load test data 
meters on these, is studied. 
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To analyse footings resting on soils, it is 
often required to idealise the soil medium 
on which it is resting. The behaviour of 
soil depends on many complex factors like 
place, pressure, time, environment, etc., 
and is rather difficult to predict. The 
earliest mathematical idealisation of the 
foundation medium by a hypothetical model 
is due to Winkler(1867). In this model,the 
foundation medium represented by a series 
of discrete, independent,closely spaced, 
elastic springs has a linear pressure ver- 
sus settlement relation. One is tempted to 
use this model because of simplicity and 
ease with which the problems of footings 
resting on elastic foundations can be 
analysed mathematically. The main drawback 
of the Winkler model is that the materials 
likesoil cannot be truly represented by a 
set of discrete linear springs and the 
continuity between the springs has to be 
accounted for to represent the actual be- 
haviour. With this in view, several 
research workers like Filonenko-Borodich 
(1940), Hetenyi(l950), Pasternak(l9541, 
Rhines(1969), et-al. suggested modifica- 
tions to provide interaction between the 
springs. Kerr (19641, reviewed the various 
foundation models available in the litera- 
ture and suggested an improvement over the 
Pasternak model(Kerr,1965). 
In the second approach to solve this class 
of problems, the soil medium is idealised 
as homogenedus, elastic, isotropic semi- 
infinite continuum. Boussinesq (1885), 
obtained solutions for stresses and strains 
at a point in the continuum with a concen- 
trated load at the surface. Vesic(l9611, 
compared the results of infinite beam on 
elastic foundation analysed by using 
Winkler's approach and elastic continuum 
approach and found that Winkler's hypothesis 
is practically satisfied for relatively long 
beams. He derived a relationship between 
the modulus of subgrade reaction and the 
elastic properties of the soil and the beam. 
In order to relate the spring constant sugge 
sted by Winkler, to the engineering proper- 
ties of the foundation medium, Terzaghi 
(1955), introduced the concept of modulus 
of subgrade reaction for soils. The coeffi- 
cient or modulus of subgrade reaction Ks, 
was defined as the ratio between the pre- 
ssure p at any point of the surface of 
contact and the settlement y produced at 
that point by the application of the load. 
The value of KS was found to depend on the 
elastic properties of the subgrade, and on 
the dimensions of the area acted upon by the 
subgrade reaction. Terzaghi made an assump- 
tion that the modulus of subgrade reaction 
KS is independent of the contact pressure p 
at every point. 
Gibson(19671, studied the behaviour of elas- 
tic non-homogeneous medium whose modulus 
increases linearly with the depth. Displace- 
ment of uniformly loaded areas in this 
medium(Gibson soil) are nearly constant 
below the loaded area, and outside the 
loaded area the displacements are negligible 
This study has thus amply validated the 
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application of Winkler model for soils,espe- 
cially for sands whose modulus increases 
with depth. 
In Fig.1, the load versus settlement rela- 
tion is shown by curve C, as obtained by a 
plate load test. The straight line OA repre- 
sents, a linear relation between the subgra- 
de pressure p and corresponding settlement 
y with the assumption that the coefficient 
of subgrade reaction is constant and inde- 
pendent of the contact &-essure p. It is 
evident from the figure, that the linear 
assumption is only approximately valid for 
values of p which are smaller than about 
half of the ultimate bearing capacity. In 
view of this, the validity of the modulus 
of subgrade reaction must always be ascer- 
tained before using the value of the modulus 
in the analysis. As an improvement over 
the linear model, an elasto-plastic soil 
response, as shown in Fig.2, can be used as 
suggested by Starzewski(1959). This model 
represented the behaviour of the soil well 
in some cases but could not take into 
account the actual nonlinear response of 
soil. A bilinear representation, as shown in 
Fig.3, was also thought as an alternative 
to the elasto-plastic model by Chandra(1974). 
But this also leads to a similar limitation 
and does not represent closely the actual 
behaviour of the soil. 
PROPOSED MODEL FOR NONLINEAR SUBGRADE 
Earlier studies have shown that the Winkler 
model represents closely the response of. 
soils, especially soils, whose modulus 
increases with depth. However, the true non- 
linear nature of the response is not properly 
accounted for. A general polynomial to re- 
present the nonlinear pressure versus 
settlement relationship can be written as 
p = klw+ k2w2+ k3w3+ k w4+.. 
4 
Any relation suggested to account for the 
nonlinear behaviour should satisfy two things 
namely (i) simplicity (ii) accuracy of res- 
ponse. Further, in order that the same rela- 
tion holds good for tension and compression 
loading, the even order term should be 
absent. With this in view, a new model is 
proposed in this paper which includes the 
first and third term in Eq.l,now given as: 
p = klw - k2w3 
where p is the pressure applied in kg/cm2, 
kl is the linear soil modulus in kg/cm3,k2 
is the nonlinear soil modulus in kg/cm5 and 
w is the settlement in cm. 
The proposed model as given by Eq.(2)takes 
into account the nonlinear behaviour of 
soil. However, it is assumed that the non- 
linearities are not of higher order. This 
model was tried to represent the pressure 
versus settlement relation for the range of 
plate load tests studied by the authors. It 
has been found, as shown below, that this 
relation represents the nonlinear behaviour 
of the soil, fairly accurately. Hence, it is 
recommended that the polynomial of the type 
p = klw - k2w3 be used to represent the 
behaviour of soil. 
ANALYSIS OF PLATS MAD TEST DATA 
The plate load test data studied in this 
paper has been obtained from the various 
references quoted in Table 1, and from the 
various field tests carried out by the Soil 
Mechanics Laboratory Staff of I.I.T.Kanpur. 
These tests have been carried out at diffe- 
rent sites and for different types of soils 
as listed in Table 1. Milovic(l9651,carried 
out various tests on cohesive and non- 
cohesive soils. Test number V,VI,VII and 
VIII have been performed on cohesive mater- 
ials having 8 value lying between 20-25O, 
c between 1.0 and 1.5 t/m2 and bulk density 
ranging between 1.74 to 1.80 t/m3 at a depth 
of 0.5 m below the ground and using a square 
plate of 0.71 m size. The pressure versus 
settlement response of the soil as obtained 
by these tests is presented in Figs.41a)and 
4(b). From these figures, it is quite evi- 
dent that the behaviour of the soil is 
linear only for small loads. For test number 
VI, the behaviour of soil can be idealised 
by a straight line only for pressures upto 
2.0 kg/cm2, and beyond this pressure the 
nonlinearity in the pressure versus settle- 
ment behaviour should be considered(Fig. 
4(a)). In Fig-l(b), it canbe seen that the 
straight line representation of pressure 
versus settlement response is only valid 
upto 1.0 kg/cm2 pressure for test number 
VII and upto 1.5 kg/cm2 pressure for test 
number VIII. The behaviour is highly non- 
linear beyond these pressures and nonlineari- 
ty has to be accounted for to represent the 
behaviour of soil in such cases. 
Deb(1963), performed a series of plate load 
tests on loose sand having standard pene- 
tration value of 5, using plates of different 
sizes. As shown in Fig.5, as the plate size 
increases, settlements obtained for the 
same pressure also increases. The behaviour. 
of the soil is highly nonlinear and it 
cannot be represented by a straight line 
except in the initial portion of the curve. 
Trofimenkov (19631, performed tests on me- 
dium sand to sandy clay type of soils using 
a circular plate of 0.06 m2 area and obser- 
ved that the behaviour cannot be represented 
by a straight line. Similar observations are 
made from the results obtained by Mitchell 
(1969), Mencl (1961), Feda (1961),et.a1. 
Plate load tests using four different sizes 
of plates were performed by Osterberg(1947). 
The results obtained by him are presented 
in Fig.6. The pressure versus settlement 
response is nonlinear as seen in the figure. 
The settlement increases with plate sire for 
the same pressure. The linear idealisation 
may be adopted for only the initial portion 
of the curve or for very small pressures. 
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The various other references, given in Table 
1, show that the pressure versus Settlement 
response is highly nonlinear for most Of 
the soils, such as clays, silts, sands,dis- 
integrated sand stone etc.,as poined out_ 
above. From each of the plate load tests 
listed in Table 1, the ordinates and 
abscissas of several points on a curve are 
measured. To fit a polynomial of the type 
p = klw - k2w3, as suggested earlier,the 
data is replotted between p/w and w2, as 
shown in Figs.? and 8 and a best straight 
line fit passing through these points, is 
obtained by using the least square techni- 
que. The intercept of the line on p/w aXiS 
gives the linear soil modulus kl and the 
slope of the straight line gives the non- 
linear soils modulus k2. These constants 
are obtained for each plate load test data 
and can be used to represent the actual 
behaviour of the soil. 
RESULTS AND DISCUSSIONS 
The data obtained from various plate load 
tests referred in Table 1, are analysed,as 
mentioned above and the soil moduli,kl and 
k2 are obtained for each case. The results 
obtained are presented in Table 2. It is 
observed that the value of kl is small for 
soft soils (420 kg/cm3) and correspondingly 
the nonlinear modulus k2 is also small. 
When the settlements obtained are small and 
the nonlinearity in the pressure versus 
settlement curve is pronounced, the value 
of nonlinear modulus k2, obtained by 
analysis is found to be larger than the 
value of linear soil modulus kl. For stiff 
soils, the value of linear soil modulus kl 
is large and correspondingly the value of 
nonlinear modulus k2 is also high,dep-ending 
on the order of nonlinearity present in 
the behaviour of soil. 
The linear soil modulus kl and the non- 
linear soil modulus k2 are found to vary 
with the type of soil and size of the 
plate. In Table 3, the range of values 
obtained for kl and k2 for different soil 
types are listed. The effect of plate size 
on kl and k2 is shown in Fig.9. Both the 
linear and nonlinear moduli of the soil 
are found to decrease with increase in 
dimensions of the plate, as can be seen.in 
the figure. 
CONCLUSIONS 
The behaviour of the soil as obtained by a 
plate load test is nonlinear in most of 
the cases. A linear representation may be 
valid in small ranges of pressures only. 
The data from about 35 plate load tests 
presented in this study clearly brings out 
the nonlinear behaviour of the soil. To 
take into account the actual behaviour, 
high order terms in the pressure versus 
settlement,relationship need to be consi- 
dered. A polynomial of the type p=klw-k2w3 
is recommended to represent the nonlinear 
behaviour of the soil. This relation has 
been found to represent the actual behavior 
of the soil quite well for the range of 
data studied. The linear soil modulus kl 
and nonlinear soil modulus k2 are obtained 
for different types of soils and the values 
are tabulated in Table 3. The linear and 
nonlinear moduli are found to depend on 
the plate size and decrease with increasing 
value of plate dimension. 
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Table 1 References for Plate Load Test Data 
Sl. 
NO. 
Reference Type of Soil 
Milovic(1965), Test No III & IV 
Milovic(1965),,Test NO V,VI, VII & VIII 
Deb (1965) 
Trofimenkov (1963) 
5 Mitchell (1969) 
6 Mencl (1961) 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
Feda (1961) 
Wilun (1961) 
Desai (1968) 
Phillipie (1947) 
Osterberg (1947) 
Field test at Faridkot 
Field test at Brijendra Swarup park, Xanpur 
Field test at Lenin Park, Kanpur 
Field test at Ganesh Udyan, Kanpur 
Field test at H.A.L.Chakeri, Kanpur 
Field test at I.F.G. Project, Kanpur 
Field test at L.L.R., Hospital, Kanpur 
Field test at I.I.T., Kanpur 
Field test at Panki Power Station, Xanpur 
Field test at Acharya Nagar, Kanpur 
Poorly cohesive 
Cohesive 
Loose sand 
Medium sand to sandy 
clay 
Sandy 
Disintegrated sand 
stone 
Sandy 
River sand 
Silty fine sand 
Clayey 
Buckshot clay 
Wind blown sand silt 
Silty clay(soft) 
Silty clay(soft) 
Silty clay(soft) 
Silty 
Clayey silt 
Clay with kankar 
Silty clay 
Silty clay 
Clayey silt 
RE 
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Table 2 Results of Plate Load Test Analysis 
!f Tyne of soil Size of Max.stress Linear Nonlinear soil __ 
> plate, level soil modulus, 
meters kg/cm2 modulus , kg/cm5 
Test III poorly 
cohesive soil 
Test IV poorly 
cohesive soil 
Test V cohesive 
material 
Test VI cohesive 
material 
Test VII cohesive 
material 
Test VIII cohesive 
material 
Loose sand 
Loose sand 
Loose sand 
Loose sand 
Loose sand 
Loose sand 
Medium sand to sandy 
clay 
Sandy soil 
Sandy soil 
1.0 x 1.0 20.0 9.9 0.36 
1.0 x 1.0 25.0 7.5 0.10 
0.71 x 0.71 40.0 170.1 0.0003 
0.71 x 0.71 4.0 
0.71 x 0.71 2.5 
39.1 500.00 
2.8 0.54 
0.71 x 0.71 2.5 7.3 1.50 
0.75 dia 
0.60 dia 
0.45 dia 
0.30 dia 
0.225 dia 
0.15 dia 
0.06 m2 
circular 
plate 
1.5 x 1.5 
4.5 x 4.5 
1.8 3.4 1.40 
1.9 3.7 1.60 
2.0 4.1 1.80 
2.18 4.4 2.00 
2.29 4.7 2.20 
2.36 5.2 2.50 
17.80 12.1 0.90 
6.40 
9.60 
75.25 9.70 
130.00 22.40 
Table continued.......... 
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Table 2 continued 
Ref Type of soil 
!I0 
Size of Max.stress Linear Nonlinear soil 
plate, level soil modulus, 
meters ._ kg/cm2 modulus kg/cm5 
kg/cm3 
5 
7 
9 
3 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
Disintegrated sand 
stone 
Disintegrated sand 
stone 
Sandy soil 
Sandy soil 
River sand 
Silty fine sand 
Silty fine sand 
Clayey soil 
Buckshot clay 
Buckshot clay 
Buckshot clay 
Buckshot clay 
Wind blown sand silt 
Silt clay (soft) 
Silty clay 
Silty clay 
Silty soil 
Clayey silt 
Clay with kankar 
Silty clay 
Silty clay 
0.9 dia 54.30 260.70 903.70 
0.6 dia 51.40 152.90 133.50 
0.05 x 0.2 
0.5 x 0.1 
Pier base 
area 
56.5 m2 
0.3 x 0.3 
0.3 x 0.3 
1.15 
4.40 
7.10 
3.5 4.5 
6.2 0.96 
16.3 8.9 
0.25 dia 
0.5 dia 
0.75 dia 
1.0 dia 
1.0 x 1.0 
0.3 dia 
0.3 dia 
0.3 dia 
0.78 x 0.78 
0.45 dia 
0.3 dia 
0.16 m2 area 
0.3 dia 
2.5 12.6 50.6 
2.0 5.4 5.04 
1.0 3.8 14.4 
2.4 3.2 1.24 
2.0 2.67 0.76 
1.7 1.99 0.45 
1.4 1.60 0.36 
1.5 1.88 0.56 
1.65 2.98 1.30 
4.5 19.20 26.90 
3.8 23.40 102.40 
5.4 12.60 6.50 
2.0 4.8 4.43 
2.4 6.8 9.70 
3.7 6.4 2.10 
1.5 9.3 31.40 
21 Clayey silt 0.3 dia 2.5 19.3 101.50 
Table 3 Recommended Values of Soil Moduli 
Type of Soil Linear Soil Modulus Nonlinear Soil Modulus 
kg/cm3 kg/cm3 
Cohesive soil 1.0 - 40.0 0 - 500 
Poorly cohesive soil 7.5 - 10.0 0 - 0.5 
Silty clay 7.5 - 25.0 0 - 100 
Silty clay(soft) 1.0 - 10.0 o-40, 
Clayey silt 4.0 - 20.0 0 - 100 
Loose sand 3.0 - 5.0 0 - 2.5 
Sandy soil 5.0 - 150 0 - 25.0 
Disintegrated sand 150 - 300 0 - 900 
jic y=- y 
Settlement, y Settlement, y 
Settlement, y 
Fig.1 Linear Representation Fig.2 Elasto-plastic 
Representation 
Fig.3 Bilinear Representaticn 
518 5th ICMM 
Fig.4 Results of Plate Load Test 
(a) 
Fig.5 Results of Plate Load Test 
Fig.4 Results of Plate Load Test 
(b) 
Fig.6 Results of Plate Load Test 
Fig.7 Plot of p/w versus w* 
Fig.8 Plot of p/w versus w2 
Fig.9 Variation of Soil Moduli 
with Plate Diameter 
